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ABSTRACT

In this study, we investigated the effect of titanium addition on microstructure and mechanical properties in Mo-
Si-B alloys. The Mo-Ti-Si-B alloy (Mo-3.9Ti-3Si-1B, wt%), which has a-Mo, Mo3Si, MosSiB, and TiO, phases was
fabricated by a powder metallurgy (PM) method. The starting materials were pulverized by using a high-energy
ball milling and the resultant powder was subjected to a reduction process followed by cold isostatic pressing
(CIP) compaction and pressureless sintering. In the microstructure, intermetallic compound phases were uni-
formly distributed in the a-Mo matrix. Some titanium atoms solved into the a-Mo matrix and the others formed a
TiO, phase caused by reaction with oxygen at the grain boundary. Fracture toughness of the Mo-Ti-Si-B sintered
body was recorded as 10.42 MPa-m'/?, which is lower than that of the Mo-Si-B sintered body without addition of
titanium. In the Mo-Ti-Si-B sintered body, the fracture mode is similar to the Mo-Si-B sintered body where
intergranular fracture through the Mo grain boundary and transgranular fracture cross the intermetallic com-
pound phase. The decrease of fracture toughness is due to the relatively large TiO, at the grain boundary,

promoting intergranular fracture.

1. Introduction

The gas turbine, which is one of the typical internal combustion
engines, is widely used in various fields such as aerospace and power
plants. In gas turbine combustion, burning fossil fuels reach internal
temperatures of about 1300 °C [1]. Materials that have high melting
points and excellent mechanical properties at elevated temperatures are
essential to endure extreme environments and prevent catastrophic
failure. Nickel-based superalloys have been utilized for their favorable
mechanical properties at high temperature [2]. However, due to the
relatively low melting point (T,,: about 1300 °C), the operating tem-
perature of the gas turbine is limited to around 1100°C [1], thus
causing loss of energy efficiency. As a result, materials which have a
high melting point and superior mechanical properties at elevated
temperatures have been required to substitute for Nickel-based super-
alloys.

The Mo-Si-B alloys are some of the candidates as next generation
high temperature alloys [1,3]. They have a high melting point above
2000°C and superior mechanical properties at high temperature

compared to Nickel-based superalloys. Especially, Mo-Si-B alloys
having an a-Mo phase as the matrix and intermetallic compound
phases composed of MosSiB, and MosSi as the dispersion have been
spotlighted [4-8]. The former phase has relatively ductile properties,
and the latter phases have excellent mechanical properties with good
oxidation resistance at high temperature [9-12]. However, these
materials have struggled in applications due to several other problems
such as high density and insufficient fracture toughness at room
temperature.

Therefore, we investigate Mo-Si-B alloys with the addition of tita-
nium, which is expected to lower the theoretical density, and the effect
on microstructure and mechanical property. High energy ball milling
was conducted to pulverize the raw materials powder. This ball-milled
powder was heat-treated to reduce the MoO5; phase to the Mo phase
which has a 100- to 200-nm particle size range, favorable for sintering
at relatively low temperature. The compaction was conducted by using
cold isostatic pressing (CIP) and the green body was sintered at 1400 °C
for 5h in a H, atmosphere. The microstructure and mechanical prop-
erty of the resultant alloy were studied.
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Table 1

Nominal composition of Mo-Si-B [21] and Mo-Ti-Si-B alloys in weight percent.
Specimen Mo Ti Si B
Mo-Si-B [21] Bal. - 3 1
Mo-Ti-Si-B Bal. 3.9 3 1

2. Experimental procedure
2.1. Fabrication of Mo-Si-B intermetallic compound powder

The Mo-Si-B intermetallic compound powder which consists of
MosSiB, and MosSi phases were fabricated through the ball milling
process followed by a reduction and reaction process. MoO3 (Kojundo
Chemical, Japan, 99.9%), SisN4 (Accumet Materials Co., US, 99%), and
BN (Kojundo Chemical, Japan, 99.9%) were used as precursors of Mo,
Si and B elements during the milling process, respectively. This ball-
milled powder was heat-treated by using an electric furnace in a H,
atmosphere to produce Mo-Si-B intermetallic compound powder with a
nominal composition of Mo-16.6Si-16.7B (at.%). The specific procedure
and conditions were described in our previous research [13,14].

2.2. Pulverization of MoOg, TiH, and as-synthesized intermetallic
compound powder using high-energy ball milling

A pure MoOs, TiH, (Kojundo Chemical, Japan, 98%) and as-synthe-
sized intermetallic compound powder were used to fabricate the Mo-Ti-
Si-B alloys. The composition of this alloy is stated in Table 1. The TiH, as
a precursor of titanium was added to lower the theoretical density of Mo-
Si-B alloys below 9.2 g/cm®. The high-energy ball milling is conducted by
using planetary milling (PM 400, Retsch) for up to 30 h in an Ar atmo-
sphere with 15:1 ball to powder ratio (BPR) and 300 rpm milling speed.

2.3. Reduction of as-milled powder and the sintering process

The high energy ball-milled powder was heat-treated to reduce the
MoO3 phase in as-milled powder to the Mo phase. The reduction me-
chanism from MoOj; to the Mo phase is well-known and described in
previous research [15,16]. Reduction was conducted by using an elec-
tric furnace in a H, atmosphere at 10 °C/min to 600 °C and 0.7 4/min H,
flow. This reduced powder was carefully moved into a glove box which
was maintained in a high purity Ar atmosphere to prevent oxidation.
The powder was compacted by using CIP with 190 MPa pressure for
5 min. Sintering was conducted in a H, atmosphere at a flow rate of 0.7
£/min H, at 10 °C/min to 600 °C.

2.4. Analysis

X-ray diffraction analysis (XRD, Rigaku, miniFlex600) with Cu K,
radiation (0.1542nm) generated at 40kV was performed to identify
phases in powder and sintered bodies. Also, using XRD results, crys-
talline sizes of the high energy ball-milled powder were calculated
using the Williamson-Hall method [17]. The porosity of each specimen
was measured by using Archimedes' method. The fracture toughness of
sintered bodies was measured by a 3-point bending test. The specimens
for this test and several test conditions carefully comply with the ASTM
E1820-13 standard [18]. The microstructures of sintered bodies and
their fracture surfaces resulting from the 3-point bending test were
observed using field emission scanning electron microscope (FE-SEM,
NOVA NANO SEM 450, FEI).

3. Results and discussion

Fig. 1 shows XRD patterns of the high energy ball-milled powder
which was composed of MoOs, TiH, and as-synthesized intermetallic
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Fig. 1. XRD patterns of high-energy ball milled powder composed of MoOs3,
TiH, and as-synthesized intermetallic compound phases (Mo3Si and MosSiB5)
with different milling times.

compound phases with different milling time up to 30 h. Samples ac-
quired below 5 h milling time, showed that all peaks of each phase were
broadened with increasing milling time. When milling time exceeded
7 h, most of the MoO3 peaks were broadened and only intermetallic
compound phases remained. When the milling time exceeded 15h,
MoO, peaks newly appeared and it is assumed that TiH, is decomposed
during high-energy ball milling [19]. The MoO5 phase and H, gas from
TiH, decomposition react together forming the MoO- phase [20].

Fig. 2 presents the crystalline size of the high energy ball milled
powder versus milling time. A crystalline size is calculated from XRD
results using Williamson-Hall method [17], as shown in Eq. (1):

KA .
Bcosb = ) + 4esin 6 a
where (3 = full width at half maximum (FWHM), 6 = Bragg diffraction
angle, k = Scherrer constant, A = wavelength of Cug,, D = crystalline
size and ¢ = average internal strain. A peak of intermetallic compound
phase is used to calculate crystalline size because other phases are not
distinguishable from the noise signal due to peak broadening. The
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Fig. 2. Crystalline size versus ball milling time, as calculated from XRD analysis
by using the Williamson-Hall method.
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Fig. 3. SEM images of high-energy ball milled powder with different milling times: a) 20 min, b) 1h, ¢) 2h, d) 3h and e) 5h.

initial powder without milling has almost 140 nm crystalline size or
above. Crystalline size decreased drastically during the initial milling
stage and with increasing milling time. Saturation was reached at al-
most 70 nm crystalline size and more than 10 h milling time. Crystalline
size did not change after 10 h milling time.

Fig. 3 shows the SEM images of ball-milled powder with various
milling times. In Fig. 3(a), 20-min milled powder had not yet pulverized
and powder with different sizes were mixed. In Fig. 3(b)-(d), the amount
of powder with submicron sizes gradually increased with increasing
milling time, and the agglomeration of submicron powder was observed
in SEM images. This powder agglomeration is generally caused by high
surface energy of the powder with submicron size. The powder which
was ball-milled for 5h as shown in Fig. 3(e) has uniform particle size
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with relatively fewer agglomeration of powder. Considering the all of the
analysis related to the ball-milled powder, the 5-hour ball-milled powder
was chosen to fabricate a Mo-Ti-Si-B sintered body.

The 5-hour ball-milled powder was heat-treated to reduce the MoO3
phase to the Mo phase with nano-sized powder. The phase transfor-
mation was analyzed by using XRD analysis and it is shown in Fig. 4.
After the reduction process, the Mo3Si and MosSiB, phases did not react
with other phases. The Mo phase which was reduced from the MoO;
phase newly appeared, showing no evidence of the remaining MoO;
phase. A small amount of TiO, phase was detected through XRD ana-
lysis. This phase is probably produced by reaction of the titanium phase
and oxygen during the reduction process. This reduced powder was
used to fabricate the Mo-Ti-Si-B sintered body.
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Fig. 4. XRD patterns of reduced powder at 600°C for 3h which have Mo,
MosSi, MosSiB, and small TiO, phases.

Fig. 5. SEM images of a Mo-Ti-Si-B sintered body which have Mo (white
arrow), intermetallic compound (Mo3Si & MosSiB,, yellow arrow) and TiO,
(red dotted circle) phases: a) Intermetallic compound phases (Mo3Si & MosSiB,)
uniformly distributed in a-Mo matrix, b) High magnification of SEM images of a
Mo-Ti-Si-B sintered body. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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The Mo-Ti-Si-B sintered body was fabricated by CIP followed by
pressureless sintering. Fig. 5 presents SEM images of the Mo-Ti-Si-B
sintered body under varied magnification. The MosSi and MosSiB,
phases (yellow arrow) were uniformly distributed in the a-Mo matrix
(white arrow), as shown in Fig. 5(a). In Fig. 5(b), the TiO, phase (red
dotted circle), which is formed during the reduction process or sintering
process, exist between the a-Mo and intermetallic compound phases.
This phase plays a role as an oxygen getter, which is known to trap
impurities (O, N, C) and improve mechanical properties by clearing the
grain boundary in refractory metals. Fig. 6 presents the XRD analysis of
the Mo-Ti-Si-B sintered body which has a-Mo, MoSi3, MosSiB, and TiO»
phases. Compared to the Mo-Si-B sintered body without addition of
titanium, the peaks of the Mo phase were slightly shifted to the left side.
This is caused by titanium solid solution in the a-Mo matrix due to the
difference in atomic radius of each atom. This corresponds to energy
dispersive spectrometer (EDS) analysis of the a-Mo matrix. Considering
XRD and EDS analysis of the sintered body, some titanium atoms re-
acted with oxygen and the others solved into the a-Mo matrix.

The fracture toughness of the Mo-Ti-Si-B sintered body was mea-
sured by using a 3-point bending test. The Mo-Ti-Si-B sintered body
recorded a 10.42 MPam'/? fracture toughness value, which is as lower
than that of the Mo-Si-B sintered body without addition of titanium at
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Fig. 6. XRD patterns of a Mo-Ti-Si-B sintered body at 1400°C for 5h: a)
Comparison of XRD of Mo-Ti-Si-B and Mo-Si-B without addition of titanium, b)
Slight shift of the Mo peak in XRD patterns at high magnification of the region
of 38-43".
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Fig. 7. SEM images of fracture surface after the 3-point bending test: (a)
Fracture surface of the Mo-Ti-Si-B sintered body (intergranular fracture: yellow
arrow, transgranular fracture: white arrow), (b) Fracture surface of the Mo-Si-B
sintered body without addition of titanium [21]. Mixed fracture mode com-
posed of intergranular fracture and transgranular fracture occurred in both
sintered bodies. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

12.9 MPam'/? [21]. Fig. 7 shows the SEM image of the fracture surface
of the Mo-Ti-Si-B sintered body and the Mo-Si-B sintered body without
addition of titanium after the 3-point bending test [21]. In Fig. 7 (a),
intergranular fracture through the Mo grain boundary and transgra-
nular fracture which cross the intermetallic compound phase were
observed. This is similar to the results of the Mo-Si-B sintered body
without addition of titanium as shown in Fig. 7(b). Dimples were ob-
served at the grain boundary, which are considered as sites TiO, par-
ticle. Considering Figs. 5 and 7 together, relatively large TiO, at the
grain boundary might promote intergranular fracture due to stress
concentration and grain boundary weakening. It is believed that the
decrease in fracture toughness of the Mo-Ti-Si-B sintered body com-
pared to that of Mo-Si-B sintered body are related with respect to mi-
crostructure, considering the presence of the TiO, phase at grain
boundary.

4. Conclusion

In this study, the effect of titanium addition to a Mo-Si-B alloy
fabricated by a powder metallurgical method was investigated. MoOs,
TiH, and intermetallic compound powder was successfully pulverized
by using a high-energy ball milling. This powder was heat-treated in an
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electric furnace to reduce under a H, atmosphere. The Mo-Ti-Si-B sin-
tered body was fabricated by CIP compaction followed by a pressureless
sintering process. In the Mo-Ti-Si-B sintered body, intermetallic com-
pound phases were uniformly distributed in the a-Mo matrix. Also, it
was found that some titanium atoms reacted with oxygen and the others
were solved in the a-Mo matrix. The fracture toughness of the Mo-Ti-Si-
B sintered body was measured by a 3-point bending test and the frac-
ture toughness is 10.42 MPa-m'/? which is lower than that of the Mo-Si-
B sintered body without titanium. The addition of titanium has several
advantages such as gettering of impurities and the solid solution effect.
However, the relatively large TiO, at the grain boundary promotes
intergranular fracture caused by stress concentration and grain
boundary weakening. In future studies, we will investigate the effects of
controlling the amount of titanium addition and size of the oxide par-
ticles at the grain boundary and/or grain interior with respect to
changes in microstructure and mechanical properties.
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